Over the last few years, several reports have introduced methods for the in vitro generation of neural cells from mouse ES cells [1] [2] [3] [4] [5] [6] . Floating aggregates of ES cells cultured in the presence of serum (embryoid bodies) contain various kinds of cells derived from the three germinal layers 7, 8 , although the content of neural tissues is not generally high. When retinoic acid is added to the culture medium, relatively high proportions of neural cells are generated in embryoid bodies 1 . However, retinoic acid treatment evokes caudalization of induced neural tissues and inhibits the production of rostral CNS tissues 2,3 .
Over the last few years, several reports have introduced methods for the in vitro generation of neural cells from mouse ES cells [1] [2] [3] [4] [5] [6] . Floating aggregates of ES cells cultured in the presence of serum (embryoid bodies) contain various kinds of cells derived from the three germinal layers 7, 8 , although the content of neural tissues is not generally high. When retinoic acid is added to the culture medium, relatively high proportions of neural cells are generated in embryoid bodies 1 . However, retinoic acid treatment evokes caudalization of induced neural tissues and inhibits the production of rostral CNS tissues 2, 3 .
We have previously established an efficient protocol for inducing neural differentiation using a coculture system with PA6 stromal cells. The inducing activity on the surface of PA6 cells has been named SDIA (stromal cell-derived inducing activity 4 ); its molecular nature remains to be understood. When cultured on PA6 cells under serum-free conditions, over 90% of mouse ES cells differentiate into neural cells within a week. Notably, neural tissues induced from ES cells by the SDIA method contain a high percentage of midbrain dopaminergic neurons 4 .
Although ES cell-derived neural precursors have been shown to have the competence to generate a wide range of dorsal-ventral neural tissues in response to patterning signals 3 , relatively little is understood about the differentiation control of rostral CNS tissues in ES cells. Our previous 3 and current analyses with rostral-caudal neural markers suggest that SDIA-induced neural tissues express forebrain-midbrainhindbrain CNS markers, but not caudal spinal cord markers. Notably, we show here that telencephalic cells are generated only at a low frequency in SDIA-induced neural tissues, although the SDIA method involves no exogenous factors with caudalizing activity such as retinoic acid and FGF (fibroblast growth factor) in the culture medium 4 . This observation prompted us to test whether the inefficient telencephalic differentiation was caused by the presence of inhibitory signals or by the lack of inductive signals. We optimized the ES cell culture conditions for neural differentiation without feeder cells and serum. We report the first demonstration of telencephalic differentiation and subregional specification in ES cells using soluble signaling factors and an optimized culture method.
RESULTS

Suspension culture of ES cell aggregates without serum
It has been shown that ES cells undergo neural conversion at a reasonable efficiency in serum-free adherent monoculture without feeder cells 6 . In an attempt to further optimize the feeder-and serum-free ES cell culture for neural conversion, we investigated suspension culture conditions without the use of retinoic acid and growth factors. We tested a number of serum-free media and found that at least three supported cell growth reasonably well (see Methods). In particular, a knockout serum replacement (KSR)-supplemented medium (the same used for the SDIA culture) effectively supported the growth of floating ES cell aggregates (giving a 5.3-fold increase in cells in 3 d and a 10-fold increase in 7 d) and was used in the studies reported here ('differentiation medium'; see Methods). In this report, the suspension culture conditions using the serum-free medium are referred to as 'SFEB' (serum-free, floating culture of embryoid body-like aggregates).
Notably, after 8 d of SFEB culture and 2 d of adherent culture, mouse ES cell aggregates (initial cell density of 5 × 10 4 cells ml -1 ) contained a large number of TuJ1 + neurons and Nestin + neural precursors (∼10% and ∼70% of total cells, respectively; Fig. 1a-c) . For quantitative analysis, we next used ES cells in which GFP cDNA was knocked in at the locus of the early neuroectodermal marker gene Sox1 (line 46C, gift from A. Smith; Sox1 transcripts are detectable at E7.5 in vivo) 6, 9, 10 . FACS analysis (Fig. 1d,e) showed that the proportion of Sox1-GFP + cells increased to 70-80% of total cells during days 3-5 of culture. In contrast, E-cadherin + and Oct3/4 + cells gradually decreased in number over the first 5 d (Fig. 1e and Supplementary Fig. 1 ). Immunocytochemical analyses showed that Sox1-GFP + cells expressed the neural precursor markers Nestin and RC2, but not E-cadherin, Oct3/4 or Nanog ( Supplementary  Fig. 1 and data not shown). RT-PCR analysis indicated induction of the primitive ectodermal marker gene Fgf5 (refs. 11,12) during days 1-3 ( Supplementary Fig. 1 ). We next optimized the initial cell density for maximal neural cell generation. The highest percentage of neural cell generation was observed when culture was started with a range of 3 × 10 4 to 1 × 10 5 cells ml -1 ; ∼80% of the cells became Sox1-GFP + on day 5 under these conditions (Fig. 1f) .
Wnt and TGFβ signals have negative effects on mammalian neural differentiation 4, [13] [14] [15] . Consistent with these reports, addition of the Wnt3a protein (50 ng ml -1 ), the Nodal protein (5 µg ml -1 ) or the BMP4 protein (0.5 nM) during days 0-5, and also during days 2-5, suppressed the accumulation of Sox1-GFP + cells (Fig. 1g and data not shown) . Conversely, treatment with a combination of the anti-Wnt reagent Dickkopf-1 (Dkk1) 16 and the anti-Nodal reagent LeftyA 17 caused a clear and statistically significant increase in the proportion of Sox1-GFP + cells (to 90.2 ± 1.6%, P < 0.05 versus the control; Fig. 1h ). Although Dkk1 and LeftyA alone caused only a marginal increase, the addition of either Dkk1 or LeftyA (particularly the latter) tended to reduce the fluctuation of the percentages, making induction even more reproducible (error bars in Fig. 1h) . Notably, treatment with Dkk1 and LeftyA facilitated neural conversion even under two types of unfavorable conditions that would normally result in low percentages of neural cell generation: excessively high cell density (2 × 10 5 ml -1 ) and medium containing serum (5%) (∼60% and <20% without treatment, respectively, and ∼80% and ∼70% with treatment, respectively; Supplementary  Fig. 2 ). Taken together, these results suggest that blockades of endogenous Wnt and Nodal signals enhance and stabilize the generation of neural cells in ES cell aggregates. 
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Treatment with anti-BMP reagents (200 ng ml -1 BMPRIA-Fc receptobody or 500 ng ml -1 of recombinant Noggin protein) did not substantially affect the Sox1-GFP + percentage (Supplementary Fig. 2) , although both could reverse the anti-neuralizing effects of 0.5 nM BMP4 completely (Fig. 1g) . These findings are in contrast to the previous report showing that Noggin treatment enhances neural differentiation in human ES cells cultured in monolayer 18 .
Unlike embryoid bodies cultured in a serum-containing medium, which efficiently produce both primitive endodermal and mesodermal cells 19 , in situ hybridization analysis showed that only a small population of SFEB aggregates expressed the primitive endodermal markers Afp and Hnf4a (also called Hnf4; ref. 20) or the mesodermal marker T (also called Brachyury), and even then, only faintly (Supplementary Fig. 3 ; weak Brachyury expression was detectable in the FACS-enriched Sox1-GFP -population of SFEB on day 5 by RT-PCR). These findings suggest that the generation of neural precursors in SFEB occurs largely without concomitant induction of mesodermal and endodermal tissues. Notably, in embryoid bodies cultured with serum, treatment with Dkk1 and LeftyA, which enhances neural conversion even in the presence of serum ( Supplementary Fig. 2 ), suppressed Afp and Hnf4a expression (to ∼50% and ∼20% of the control non-treated levels, respectively; data not shown), suggesting that enhanced neural conversion by Dkk1 and LeftyA was not accompanied by an increase of mesodermal or endodermal tissues in serum-treated embryoid bodies.
Neural conversion with little selective bias in SFEB Next, we analyzed the possible contribution of preferential apoptosis and proliferation to the selective accumulation of neural cells in the SFEB culture. First, we examined the presence of enhanced cell death in the non-neural population during days 3 and 4, when the proportion of Sox1-GFP + cells was rapidly increasing (Fig. 1e) . The percentage of TUNEL-labeled apoptotic cells was generally low and showed no substantial difference between the Sox1-GFP -(5.5 ± 0.7% on day 3 and 4.8 ± 1.4% on day 4, n = 3) and Sox1-GFP + (4.8 ± 0.9% on day 3 and 4.6 ± 1.5% on day 4, n = 3) populations (Fig. 2a) . The proportion of cells labeled with annexin V (which also marks apoptotic cells) was 3.3 ± 0.6% on day 3 and 3.6 ± 0.7% on day 4 in the Sox1-GFP -population, compared to 4.5 ± 1.5% on day 3 and 5.8 ± 1.8% on day 4 in the Sox1-GFP + population (n = 3; Fig. 2b ). These observations show that Sox1-GFP -cells are not actively eliminated by apoptosis in SFEB.
We next compared the cell proliferation parameters in the Sox1-GFP -and Sox1-GFP + populations. The percentage of cells labeled by bromodeoxyuridine (BrdU; 30-min exposure at the end of culture) did not differ greatly between the Sox1-GFP -(45.3 ± 0.4% on day 3 and 40.9 ± 1.2% on day 4, n = 3) and Sox1-GFP + (49.6 ± 2.6% on day 3 and 42.4 ± 1.1% on day 4, n = 3) populations (Fig. 2c) . The ratio of cells positive for phospho-histone H3 (which marks cells in the G2-M phases) was similar: 1.2 ± 0.5% on day 3 and 1.0 ± 0.7% on day 4 in the Sox1-GFP -population, compared to 1.5 ± 0.7% on day 3 and 1.3 ± 0.6% on day 4 in the Sox1-GFP + population (n = 3; Fig. 2d ). Taken together, these observations suggest that preferential apoptosis and cell growth are not major causes for the selective accumulation of neural precursors in SFEB.
In contrast, the suppression of neural precursor generation by BMP4 may at least in part involve a selective mechanism. Addition of 0.5 nM BMP4 on day 3 decreased the accumulation of Sox1-GFP + cells in SFEB on day 5 (percentage of Sox1-GFP + cells <10%). Under this condition, a moderate but statistically significant increase in the percentage of TUNEL + cells was seen in the Sox1-GFP + population on day 4 as compared to the Sox1-GFP -population (7.8 ± 1.1% and 3.7 ± 0.8%, respectively, P < 0.05), whereas no significant difference in the amount of BrdU uptake was observed between the two populations ( Supplementary Fig. 4 ).
Telencephalic differentiation in SFEB-induced neural cells
Next, we compared the frequencies of rostral-caudal marker expression between the feeder-dependent (SDIA) and feeder-free (SFEB) neural induction systems (using the same serum-free culture medium) by quantitative immunostaining. Bf1 (also known as Foxg1) is a transcription factor specifically expressed in the ventricular (VZ) and subventricular (SVZ)-intermediate zones of the telencephalon (Fig. 3a,b ) that is essential for proper development of the region 21, 22 . Although immunostaining detected Bf1 + telencephalic cells in neural tissues generated from ES cells on PA6 cells (10 or 15 d of SDIA culture), the frequency was quite low (1.6 ± 0.2% on day 10 and even lower on day 15). SDIA-treated cells more frequently expressed Otx1 (a marker of forebrain and midbrain), Pax2 (typically a marker of midbrain and caudal CNS) and tyrosine hydroxylase (TH; a dopaminergic and noradrenergic neuron marker that is typically a midbrain and hindbrain marker) (Fig. 3c) . In contrast, under feeder-free conditions (SFEB for 5 d followed by adherent culture for 5 or 10 d on dishes coated with poly-D-lysine, laminin and fibronectin), telencephalic differentiation was markedly increased (Fig. 3d) . A high percentage of cells expressed Bf1 (15.1 ± 2.1% on day 10) in SFEBinduced neural cells, whereas the midbrain-spinal cord markers (Pax2, TH and Hoxb4) were expressed in fewer cells; in addition, RT-PCR showed strong Bf1 (Foxg1) expression (Fig. 3h) . Consistently, a large majority of SFEB-cultured ES cell aggregates strongly expressed Six3 (an early marker for the telencephalic and diencephalic regions rostral to the zona limitans 23 ), but only a minority of SDIA-treated ES cell colonies did so (day 5; Supplementary Fig. 5 ).
The percentage of cells expressing Bf1 was high (11.4 ± 2.9%) when ES cells were cultured in SFEB for 5 d and then on PA6 cells for the next 5 d (Fig. 3e, second row) . This is comparable to the percentage of cells expressing Bf1 after 10 d in feeder-free culture (Fig. 3e, top  row) . Conversely, few Bf1 + cells were observed (<1%) when cells were cultured on PA6 cells for the first 5 d and then on dishes coated with laminin, poly-D-lysine and fibronectin for the next 5 d (Fig. 3e , third To further enhance telencephalic differentiation, we next investigated culture conditions during the first 5 d. Wnt and Nodal signals are also implicated in the rostral-caudal specification 24, 25 . Notably, the percentage of Bf1 + cells substantially increased (to 35% of total cells) when both Dkk1 and LeftyA were added to the SFEB culture during days 0-5 ( Fig. 3f,g ; this increase in Bf1 induction was ∼2.5-fold, whereas the increase in neural conversion was 1.2-fold, as shown in Fig. 1h) . By itself, Dkk1 seemed to have a clear and statistically significant enhancing effect (Fig. 3f) , whereas LeftyA (5 µg ml -1 ) alone caused a marginal increase. These findings suggest that endogenous Wnt signals (and possibly Nodal signals) have an inhibitory role in Bf1 induction under the SFEB condition during days 0-5. In contrast, treatment with any of Dkk1, LeftyA, Wnt3a or Nodal proteins during days 6-10 did not substantially affect Bf1 induction (data not shown).
Treatment with the caudalizing factor retinoic acid almost completely eliminated induction of Bf1 + cells in SFEB (<1%; 0.2 µM retinoic acid during days 3-10; not shown). Accordingly, RT-PCR analysis showed that expression of the rostral markers Bf1 and Otx2 was completely suppressed by retinoic acid in SFEB-induced neural cells (days 3-5 or 3-10), but expression of the caudal markers Hlxb9 (also called HB9) and Hoxb9 was induced (Fig. 3h) . In contrast, retinoic acid treatment during days 6-10 suppressed Bf1 and Otx2 expression only partially (if at all) and induced caudal marker expression (Supplementary Fig. 5 ).
Taken together, these results suggest that the SFEB culture efficiently induces telencephalic differentiation in the absence of exogenous caudalizing factors or endogenous Wnt signals during the first 5 d. The enhancement of Bf1 induction by Dkk1 (and by Dkk1 + LeftyA) in SFEB prompted us to test the roles of Wnt and Nodal signals in the SDIA culture. Addition of Dkk1, LeftyA, or Dkk1 + LeftyA during the first 5 d significantly increased the percentage of Bf1 + cells in SDIA-treated ES cells (Fig. 3i) . These increases were counteracted by the addition of Wnt3a and Nodal. Dkk1 and LeftyA (separately or in combination) did not substantially affect the percentages of cells positive for TH, 5-HT (a marker of the hindbrain) and the neuronal marker TuJ1 (data not shown). These observations suggest that the SDIA system requires Wnt and Nodal specifically for inhibition of rostral CNS differentiation.
As for endogenous gene expression, RT-PCR analysis showed that differentiating ES cells expressed both Wnt genes (Wnt1, Wnt2b, Wnt3, LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence; ole, olfactory epithelium; AEP, anterior entopeduncular area; POA, anterior preoptic area; di, diencephalon; ms, mesencephalon; mt, metencephalon; my, myelencephalon; sc, spinal cord. *P < 0.05 versus control; **P < 0.01 versus control (Dunnett test).
A R T I C L E S
Wnt3a and Wnt10b) and Nodal ( Supplementary Fig. 6 ). 26 . However, we observed no increase of Tdgf1 (Cripto) expression in the presence of PA6 cells (Supplementary Fig. 6 ).
Regional specification of SFEB-induced telencephalic cells
We next investigated the subregional nature of SFEB-induced Bf1 + cells (Fig. 4a) . Among Bf1 + cells induced by SFEB culture alone ('control' row), 36.5 ± 3.7% were also positive for Pax6, whose strong expression marks the dorsal or 'pallial' telencephalon 27 (top row); 23.8 ± 0.9% were positive for Gsh2, which marks the ventral or 'basal' telencephalon and is strongest in the lateral ganglionic eminence (LGE) 28 ; and 15 ± 6.3% were positive for Nkx2.1, which marks the ventral part of the basal telencephalon with the exception of the LGE 29 .
Recent studies have shown that Wnt genes (expressed in the dorsal pallium) positively control pallial telencephalic specification in vivo [30] [31] [32] . This effect of Wnt occurs during relatively late developmental stages, as compared with the effect of Wnt signaling in the inhibition of neural differentiation and forebrain development, which occurs during earlier stages 13, 24, 33 . This prompted us to examine the effect of Wnt treatment on subregional specifications of ES cell-derived telencephalic cells during the late phase of SFEB culture. When SFEB-induced neural cells were treated with Wnt3a during days 6-10, Pax6 + Bf1 + cells substantially increased in a dose-dependent manner, whereas Nkx2.1 + Bf1 + and Gsh2 + Bf1 + cells decreased (Fig. 4a,b) . The proportion of Bf1 + cells in SFEB-induced cells was not substantially changed by late Wnt treatment (data not shown). These findings indicate that late Wnt treatment promotes differentiation of pallial telencephalic cells at the cost of the basal cells. Consistently, when Wnt signals were blocked during the late culture period by adding Dkk1 (days 5-10), the Pax6 + population decreased significantly in Bf1 + cells (Fig. 4b) , indicating that late (endogenous) Wnt signaling is essential for pallial telencephalon differentiation in SFEB-induced neural cells.
Treatment with Wnt3a also increased the number of cells positive for the cerebral cortical marker Emx1 27,34 ( Fig. 4c-f) , providing further evidence for pallial differentiation in SFEB-induced, Wnt-treated telencephalic tissues. Addition of FGF8b (5-50 ng ml -1 ) to Wnt3a did not further enhance Emx1 induction, in contrast to its effect on chick telencephalic tissues reported previously 32 (data not shown).
We next investigated induction of basal telencephalic differentiation (Fig. 5) . Shh has been implicated in the ventral specification of the forebrain [35] [36] [37] . When applied to SFEB-induced neural tissues, Shh (days 4-10) increased the percentage of Nkx2.1 + cells among Bf1 + cells but decreased the percentages of Pax6 + and Emx1 + cells (Fig. 4a , 'Shh' row; Fig. 4f and Fig. 5a ). Shh did not cause substantial differences in the percentage of cells positive for Gsh2 and Mash1, a marker for the SVZ of the basal telencephalon (Fig. 5a and data not shown) . The proportion of Bf1 + cells was not greatly affected by Shh treatment (data not shown). These observations show that Shh promotes the ventral specification of SFEB-induced telencephalic cells.
SFEB induces the generation of telencephalic precursors capable of responding to embryologically relevant dorsal and ventral patterning signals. Although the proportion of Pax6 + cells in SFEB-induced, Wnt-treated Bf1 + cells was quite high (∼75%, Fig. 4b) , the percentage of Nkx2.1 + cells was moderate even at the highest Shh dose (∼40%; Fig. 5a ). This observation led us to reexamine the distribution of Nkx2.1, Pax6 and Bf1 in the embryonic brain (E12.5). Bf1 expression was detected both in the VZ and in a large part of the SVZ and intermediate zones along the dorsal-ventral axis (Figs. 3a,b, 4a and  5b) . Pax6 expression covered the majority of the Bf1 + area in the pallial region ( Fig. 4a) . By contrast, in the MGE and the telencephalic stalk domain (the anterior entopeduncular and preoptic areas (AEP-POA)), Nkx2.1 expression was limited to the VZ and the adjacent part of the SVZ (Figs. 4a and 5b) , leaving a substantial Nkx2.1 -Bf1 + area in the ventral telencephalon. In the AEP-POA, Islet1 was expressed in a large proportion of the Nkx2.1 -Bf1 + area (ref. 38 ; Fig. 5b,c) . In SFEBinduced Bf1 + telencephalic cells, Shh induced expression of Islet1 in 25-30% of cells (Fig. 5d,e) . Only one-fifth of Islet1 + cells were also positive for Nkx2.1, consistent with the small overlap of these markers in the embryonic brain ( Fig. 5c and data not shown). Taken together with the data in Figure 5a , these results suggest that a large proportion (roughly 60-70%) of Bf1 + cells express ventral markers (Nkx2.1 and/or Islet1) after Shh treatment.
DISCUSSION
In this work, we have successfully demonstrated efficient telencephalic differentiation from ES cells using optimized suspension culture conditions that support selective neural differentiation of ES cell aggregates in vitro. The temporal expression pattern of early ectodermal differentiation markers such as E-cadherin, Oct3/4, Fgf5 and Sox1 in SFEB generally mimicked that in the embryo ( Fig. 1 and Supplementary Fig. 1 ), although more detailed comparative analysis of the speed of differentiation in vivo and in vitro is needed. Neural differentiation was further enhanced (to 90%) in SFEB when endogenous Wnt and Nodal signals were blocked by Dkk1 and LeftyA (Fig. 1) . Autonomous neural differentiation in the absence of exogenous inhibitory factors could be consistent with the so-called 'neural default' model 39 . In line with this idea, a previous study has reported that ES cells, when cultured at low density, generate sphere-forming neural stem cells, although the forming efficiency seems low 40 . However, our preliminary study suggests that the use of the term 'default state' for ES cell culture may require more careful consideration. At least in the SDIA culture, inhibiting E-cadherin-dependent cell contact by adding the E-cadherin-blocking antibody ECCD1 (ref. 41 ) strongly attenuated neural differentiation of ES cells (Supplementary Fig. 6 ). Therefore, in addition to soluble or paracrine signals, the role of cell adhesion during early phases of ES cell differentiation must be studied in depth to understand the nature of the ground state.
Telencephalic differentiation occurred in a large population of SFEBinduced neural precursors (Fig. 3d) . The temporal order of marker expression (Sox1 starting on day 3, Six3 starting on days 4-5, and Bf1 starting on day 6) in SFEB is again reminiscent of that in the embryonic CNS 10, 22, 23 . Notably, the addition of Dkk1 with or without LeftyA during the first 5 d increased the percentage of Bf1 + cells to 35% of total SFEB cells (Fig. 3f) . As some parts of the telencephalic region are Bf1 -(that is, mature cells in the mantle layer and the dorsal-most pallium; Fig. 3b) , the actual percentage of total telencephalic cells could be even higher in SFEB-treated ES cells. This is the first quantitative report of such efficient in vitro induction of telencephalic precursors from ES cells (qualitative detection of Bf1 induction has also been reported 42, 43 ).
These observations indicate that ES cell-derived neural precursors tend to form the rostral-most tissues in the absence of caudalizing signals. In amphibian research on early neural patterning, a similar concept is widely accepted as the 'two-signal model' , first postulated by Nieuwkoop 44 . In this model, the ectoderm differentiates into archencephalic (rostral-most) neural tissues upon initial neural induction (the activation step); caudal neural tissues are subsequently induced by the next 'caudalizing' signals (the transformation step). The present study suggests that a similar principle is largely applicable to neural differentiation of mammalian ES cells.
The subregional specifications of telencephalic tissues can be reproduced in the in vitro system of SFEB using embryologicallyrelevant patterning factors at the right time (Supplementary Fig. 7) . Three-quarters of Bf1 + cells showed the pallial phenotype (Pax6 + , Emx1 + ) upon late Wnt3a treatment (Fig. 4) , whereas two-thirds of Bf1 + cells treated with Shh expressed the subpallial markers Nkx2.1 + and Islet1 + (Fig. 5) .
In addition to ventral telencephalic differentiation, our preliminary studies showed that SFEB culture with Shh promotes ventral diencephalic differentiation. Nkx2.1 + Bf1 -cells are found in the embryonic ventral diencephalon 21, 29 . In SFEB-induced cells, Shh treatment increased the percentages of both Nkx2.1 + Bf1 + and Nkx2.1 + Bf1 -(corresponding to ventral diencephalic tissues) populations (Supplementary Fig. 8 ). The relative proportion of Bf1 -cells in the Nkx2.1 + population increased moderately when neural precursors induced by SFEB culture with Shh (30 nM) were treated with Wnt3a or Nodal during days 3-5 (25.6 ± 5.8% for the control and 47.3 ± 2.9% with 50 ng ml -1 Wnt3a, P < 0.01 versus the control; 46.1 ± 3.6% with 5 µg ml -1 Nodal, P < 0.01 versus the control). A small portion of SFEB-induced Nkx2.1 + cells coexpressed Nkx2.2 (<17%; Supplementary Fig. 8 ). This is consistent with the partial overlap of two markers in the ventral diencephalon. It remains unclear how individual cells acquire their respective positional identity during ES cell differentiation. Further investigation is needed to determine how heterogeneous positional information is assigned within the apparently homogenous ES cell aggregate. For instance, in the absence of strong patterning signals, does a neural precursor cell acquire final positional identities stochastically within certain limitations? Also, it will be important to search for more complete sets of region-specific markers, as the number of bona fide markers suitable for in vitro analysis is limited at present (as exemplified in Fig. 3c,d ) and insufficient to cover all CNS regions.
The present and previous studies have shown that two complementary systems, SFEB and SDIA, can be used to generate a wide range of rostral and caudal brain tissues (from telencephalic to brainstem cells; Fig. 3c,d) . The SFEB method enables investigation of the molecular and cellular regulation of telencephalic development using in vitro ES cell culture. Other topics in this area are in vitro neurogenesis of the basal telencephalic nuclei, such as the striatum (derivatives of Gsh2 + Bf1 + cells) and the basal nucleus of Meynert (from Islet1 + Bf1 + cells). Our preliminary study has shown that SFEB-cultured ES cells treated with Dkk1, LeftyA and Shh express Gsh2 (Fig. 5) and the striatal markers 45, 46 Foxp1 and Zfp503 (also called Nolz1) (Supplementary Fig. 8 ).
After long-term culture, these cells generated mature neurons, such as functional GABAergic neurons (GAD65/67 + and GABA + cells in 20-30% of TuJ1 + neurons on day 20; HPLC analysis showed the release of ∼2 nmol of GABA from 10 6 ES-derived cells in response to high K + ; Supplementary Fig. 8 ). To understand the in vivo transplantability and functionality of the derivatives of SFEB-induced telencephalic precursors, a future challenge will be to use FACS to purify subregionspecific intermediate progenitors using ES cells knocked in with multicolored GFP genes at marker loci.
METHODS
Cell culture and treatment with soluble factors. Mouse ES cells (EB5), Sox1-GFP ES cells (46C) and PA6 cells were maintained and used for the SDIA culture as described 4, 6 . Immunostaining showed that ∼95% of ES cells used in this study expressed E-cadherin, Oct3/4 and Nanog during maintenance culture.
'Differentiation medium' was prepared as follows: G-MEM supplemented with 5% KSR (up to 10% can be used; Gibco), 2 mM glutamine, 1 mM pyruvate, 0.1 mM nonessential amino acids, and 0.1 mM 2-mercaptoethanol (2-ME) (G-MEM can be replaced with αMEM). For the SFEB culture, ES cells were dissociated (0.25% trypsin-EDTA) to single cells, and 5 × 10 4 cells per 1 ml differentiation medium were seeded into bacterial-grade dishes (10 ml). ES cell aggregates were generated spontaneously in a suspension culture within 1 d. When 5 × 10 5 cells were initially seeded (4.9 ± 1.5) × 10 5 cells were found in the floating aggregates after a 24-h culture. Cell aggregates were cultured in differentiation medium unless stated otherwise. The day on which ES cells were seeded to differentiate was defined as differentiation day 0. Medium was changed to fresh differentiation medium (with factors added where applicable) on day 3. For experiments on telencephalic differentiation, ES cell aggregates were replated en bloc on dishes coated with poly-D-lysine, laminin and fibronectin, at a density of 1 × 10 2 to 2 × 10 2 aggregates per cm 2 , on differentiation day 5 of SFEB culture. At differentiation day 7, the medium was changed to GMEM-N2: G-MEM supplemented with N2 (Gibco), 2 mM glutamine, 1 mM pyruvate, 0.1 mM nonessential amino acids and 0.1 mM 2-ME. Recombinant human BMP-4 protein, human Dkk-1 protein, human Lefty-A protein, mouse Nodal protein, mouse Shh-N (25-198) peptide and mouse Wnt-3A protein (R&D Systems) were freshly added at each medium change. All-trans retinoic acid was purchased from Sigma. ECCD1 (Takara) was added to the culture at 0.2 mg ml -1 during days 0-5. Activities of BMPR-Fc and Noggin proteins (R&D) were confirmed by testing their ability to suppress the induction of phosphorylated Smad1, Smad5 and Smad8 by 0.5 nM BMP4 in EB5 cells.
Serum-free media. At the beginning of this study, we tested several serumfree culture media to establish a feeder-free suspension culture system. For instance, ES cell aggregates did not survive well in SFOIII 47 , SFOIII + Chemically Defined Lipid Concentrate (Gibco), Neurobasal + N2 + B27 (Gibco) + 2-ME, DMEM/F12 + N2 + 2-ME or differentiation medium (above) without KSR. In addition to KSR-containing differentiation medium, Chemically Defined Medium (containing 1 U ml -1 LIF) 48 and DMEM/F12 + N2 + B27 + 2-ME 6 supported both the growth of floating ES cell aggregates and neural differentiation. All three media required thiol-containing substances such as 2-ME or thioglycerol for support activities of cell growth and differentiation. For telencephalic induction, KSR-containing differentiation medium proved to be the most effective (at least four times more effective than the other two media) and was used throughout this study.
Immunocytochemistry, generation of antibodies and statistical quantification.
For the observation of immunostained cells in colonies and aggregates, confocal microscopy was used unless stated otherwise.
Polyclonal antiserum against Bf1 was obtained by immunizing rabbits with the synthetic peptide CTHQNQGSSSNPLIH (corresponding to the C-terminal 14 residues of mouse Bf1 protein) and was used after affinity purification on a Bf1 peptide-Sepharose column. Polyclonal antiserum against Gsh2 was obtained by immunizing guinea pigs with the synthetic peptide CANEDKEISPL (corresponding the C-terminal 10 residues of mouse Gsh2 protein) and was used after affinity purification. Polyclonal antiserum against mouse Emx1 was obtained by immunizing guinea pigs with the synthetic peptide SFFSAQHRDPLHC and was used after protein A purification. Polyclonal antiserum against mouse Nkx2.1 was obtained by immunizing rabbits with a mixture of three peptides (SMSPKHTTPFSVSC, GNMSELPPYQDTMC and GPGWYGANPDPRFC) and was used after protein A purification. Primary antibody dilutions were as follows: anti-Bf1, 1:1,000; anti-Gsh2, 1:1,000; anti-Emx1, 1:1,000; and anti-Nkx2.1 (rabbit-raised polyclonal), 1:1,000. Immunoreactivity of each antibody was confirmed with appropriate embryonic CNS tissues as positive and negative controls under the same conditions. The specificity was also confirmed by observing the loss of staining signals after pre-immunoabsorption with corresponding antigen peptides (the example of Bf1 antibody is shown in Supplementary Fig. 5) . Immunohistochemistry with the Bf1 antibody used in this study could detect the expression of Bf1 proteins in the telencephalon at E9.5, but only faintly at E9.0 (by in situ hybridization, Bf1 expression is detectable at E8.5).
The following commercial antibodies were used: anti-Hoxb4 rat monoclonal (I12) at 1:200, anti-Islet1/2 mouse monoclonal (39.4D5) at 1:200, anti-Nkx2.2 mouse monoclonal (74.5A5) at 1:40, anti-Otx1 mouse monoclonal (Otx-5F5) at 1:1,000, anti-Pax6 mouse monoclonal at 1:200 and anti-RC2 mouse monoclonal at 1:1,000 (Developmental Studies Hybridoma Bank); anti-TH sheep polyclonal at 1:100, anti-GAD65 mouse monoclonal at 1:1,000 and anti-GAD67 mouse monoclonal at 1:2,000 (Chemicon); anti-Nkx2.1 mouse monoclonal (8G7G3/1) at 1:100 and anti-Serotonin rabbit polyclonal at 1:50 (Zymed); anti-Mash1 mouse monoclonal (24B72D11.1) at 1:20 and anti-Nestin rat monoclonal (Rat401) at 1:300 (BD Pharmingen); anti-class III β-tubulin rabbit polyclonal at 1:600, anti-class III β-tubulin mouse monoclonal (TuJ1) at 1:300 and anti-Pax2 rabbit polyclonal at 1:200 (Babco); anti-GAD65/67 rabbit polyclonal at 1:5,000 and anti-GABA rabbit polyclonal at 1:10,000 (Sigma); anti-E-cadherin rat monoclonal (ECCD2) at 1:50 (Takara); and anti-GFP rabbit polyclonal at 1:150 (MBL).
For statistical analysis, 100-200 colonies were examined in each experiment, and each experiment was performed at least three times. P values for statistical significance in two-sample comparison to the control (Student's t-test) and in multiple comparisons to the control (Dunnett test) are described in the corresponding figure legends. Values shown on graphs represent the mean ± s.d.
RT-PCR analysis and western blot. RT-PCR was performed as described 3 . The other primers used in this study were as follows: Oct3/4 (forward: 5′-AGGGATGGCATACTGTGGAC-3′, reverse: 5′-CCTGGGAAAGGTGTCCTGTA-3′); Zfp42 (also called Rex1) (forward: 5′-GGCCAGTCCAGAATACCAGA-3′, reverse: 5′-TTGAAATCCAGGGAGAAACG-3′); Fgf5 (forward: 5′-AAAGTCAATGGCTCCCACGAA-3′, reverse: 5′-CTTCAGTCTGTACTTCACTGG-3′; T/Brachyury (forward: 5′-CCGGTGCTG-AAGGTAAATGT-3′, reverse: 5′-TGACCGGTGGTTCCTTAGAG-3′); Sox1
